We report the suitability of sunshine duration (SD) records as a proxy for the reconstruction of atmospheric aerosol content, for which little information exists, especially prior to the 1980s. Specifically, we have treated cloudless summer days in 16 stations throughout Spain.
Abstract
We report the suitability of sunshine duration (SD) records as a proxy for the reconstruction of atmospheric aerosol content, for which little information exists, especially prior to the 1980s. Specifically, we have treated cloudless summer days in 16 stations throughout Spain.
For almost all sites we find statistically significant relationships between aerosol optical depth (AOD), and daily SD. The correlation coefficient presents a mean value of −0.72, and slope values of the linear regressions are within the range [−0.11, −0.36] . The relationships are used to generate AOD series back to the 1960s (to the 1920s for Madrid). These reconstructed series show an increase in AOD from the mid-1960s to the 1980s, followed by a decrease until the present, in agreement with changes in anthropogenic aerosol emissions and with opposite trends of solar irradiance. The method can be used to reconstruct AOD from the late 19 th century at many stations worldwide.
Introduction
Atmospheric aerosols play a key role in the global energy balance, and therefore in modulating climate through its direct effect on radiation [e.g., Charlson et al., 1992; Hansen et al., 1997] and its indirect effects associated with interaction with clouds [e.g. Twomey, 1977; Ramanathan et al., 2001; Rosenfeld et al., 2014] . Determining the evolution of the atmospheric aerosol load in the past is thus of capital importance with regard to quantifying its effects on radiation and other climatic variables, and consequently to furthering our knowledge of the global climate system [Hartmann et al., 2013] .
One of the major pieces of evidence supporting the crucial role played by atmospheric aerosol in modulating surface solar radiation is provided by the dimming and brightening phenomenon [Stanhill and Cohen, 2001; Wild, 2009] . The changes in atmospheric transmissivity since the mid-20 th century, which result from variations in anthropogenic aerosol emissions, are considered to constitute the main factor causing the trends observed in surface solar radiation [Wild, 2009 [Wild, , 2012 . The limited availability of systematic measurements hinders the study of the evolution of surface solar radiation before the dimming-brightening period (i.e., 1960s) : these only started subsequent to the 1957-1958 International Geophysical Year, becoming worldwide much more recently.
Furthermore, widespread quantification of the aerosol load in the atmosphere (or at least of its radiative characteristics) had not commenced until the late 1970s, with the development of ground and satellite-based instruments. The aerosol series obtained by satellite were started in 1978 with the Nimbus platform, while spectral sun photometers also started to be used in the 1970s [Shaw et al., 1973; Voltz, 1974] . These old datasets often present inhomogeneities and/or conflicting results at the beginning [Cermak et al., 2010] . In addition, they had a low spatial resolution, while the limited number of ground-based measurements prevented them from being useful for fully explaining the effect of aerosols on climate.
At present, the global network of Cimel sun photometers called AErosol RObotic NETwork (AERONET) is considered to be the main reference for measuring aerosol characteristics from the ground [Holben et al., 1998; Dubovikl and King, 2000] , but most of the stations were established after the 1990s. Moderate Resolution Imaging Spectroradiometer (MODIS) and Multi-angle Imaging Spectroradiometer (MISR) [King et al., 1992; Diner et al., 1998] constitute the current satellite instruments most commonly used for aerosol observation, but also started measuring at the end of 1990s. They provide global coverage, but with low temporal resolution as compared to ground based observations. The latter are assumed to give more accurate aerosol retrievals, and usually involve measurements of direct solar radiation in distinct spectral bands.
Herein we advocate the use of sunshine duration (SD) as a proxy of aerosol optical depth (AOD), and hence of atmospheric turbidity for studying the evolution of the atmospheric aerosol load in the past. According to the WMO [2008] , the SD for a given period is defined as the sum of the sub-periods for which direct solar irradiance exceeds 120 Wm -2 . One of the instruments used to measure SD is the Campbell-Stokes sunshine recorder (CSSR). It was invented in the late 19 th century to provide a measurement of the duration of bright sunlight by means of a burn mark on a piece of specially treated cardboard [Stanhill, 2003; Sanchez-Lorenzo et al. 2013] . Although in recent years some stations have changed CSSR for new models of automatic sunshine recorders, the long record of SD measurements endow them with remarkable historical value; their series are much longer than those of aerosol and surface solar radiation.
The effect of atmospheric turbidity (caused by the presence of aerosol) on SD has been addressed in several studies [for a review, see Sanchez-Romero et al., 2014] . Cohen and Kleiman [2005] observed that on some cloudless mornings (afternoons), the sun cannot be seen after the previously calculated sunrise (before the sunset), so the length of the day is apparently shortened due to a higher aerosol content. Recently, Magee et al.[2014] observed that SD variability is associated with a wide variety of natural and anthropogenic processes (e.g. industrial activity and regional air quality). In this direction, some authors [Jaenicke and Kasten, 1978; Jaenicke, 1984, 1986; Horseman et al., 2008] claim that aerosols reduce daily SD due to their effect at low solar elevations (i.e. at the beginning and the end of the day): a high aerosol content can reduce the incident direct solar irradiance and, in consequence, the burn time is reduced on the CSSR cards (or the time reaching the threshold irradiance in the automatic devices).
We assume that SD can be used as a proxy for AOD, which may be useful for reconstructing aerosol-related series in time and then for explaining long-term aerosol effects. We test this hypothesis with data from some stations on the Iberian Peninsula (southern Europe) and in the Canary Isles.
Data and methods
We used data from 16 stations of the Spanish Meteorological Agency (AEMET) and 16 stations associated with AERONET and distributed throughout Spain ( Figure 1 , Table 1 ). It should be noted that two stations are located in the Canary Isles, much further south of the Iberian Peninsula, facing the coast of West Africa. At all these selected sites, an AEMET station is close to the AERONET station, or is even located in the same place. The mean horizontal distance for each pair of stations is 12.6 km (with a maximum of 42.3 km).
Daily records of SD (in hours) are available from the AEMET stations, mostly measured by CSSR, although some stations have recently changed to an automatic sensor ( Table 1 ). The uncertainty of this measurement is 0.1 h [WMO, 2008] . We calculated the SD fraction, which is the ratio of SD to the total length of the day defined as the time from sunrise to sunset. In addition, total cloud cover (TCC) records were obtained for these stations. These data correspond to ground level visual observations measured in oktas, and are available for observations taken three times a day (at 7, 13 and 18 UTC) . In order to screen out the clouds, we only considered cloudless days, i.e. days on which mean daily TCC from the 3 daily observations is rounded to 0 oktas (a maximum of one observation with a maximum of 1 okta is therefore allowed).
The AERONET stations provide mean daily values of AOD in several channels (440, 500, 675 and 870 nm). Specifically, we used in this study mean daily values of AOD in the 440 nm channel (this channel is available at all sites), AOD 440 , by using the cloud-screened and quality-assured level 2.0 data. The uncertainty of AOD in this channel is 0.02 [Holben et al., 1998 ]. The period of time with availability of SD, TCC and AOD data is also shown in Table   1 for each pair of stations. This period depends mainly on the starting date of the AERONET station, as most of the SD and TCC data from AEMET started prior to the 1980s. It should be noted that we use at least two years of data for each site.
We first explored the relationship between AOD 440 and SD fraction for the summer months (June, July and August), as this season presents the maximum number of cases with clear-sky conditions and the lowest effect of dew or precipitation on the glass sphere or on the CSSR cards [Sanchez-Romero et al., 2014] . In addition, higher amounts of aerosols are sometimes present in this region during summer, which increases the range of AOD values employed [Bennouna et al., 2013] . Moreover, for the range of latitudes covered by the studied stations (from 28º to 43º) the apparent trajectories of the Sun in the sky (which has some effect on the expected and observed SD), are very similar in this season. Results of this part of the study are reported in Section 3.1.
In order to study the long-term changes of AOD in Spain, we selected those sites with SD series that proved to be homogeneous. Specifically, the temporal homogeneity of each of the 16 SD series was checked by means of the Standard Normal Homogeneity Test (SNHT) [Alexandersson and Moberg, 1997] . Our approach rejects the a priori assumption of nonexistence of homogenous reference series, and consists of testing each of the 16 series against the others, normally in subgroups of the highest correlated series (i.e., using as reference the series that present R > 0.7). In short, the SNHT test derives a statistic T where changes in the standardized difference series between candidate and reference time series over the whole period are calculated. Large changes in the mean values before and after a time step, which indicate the possibility of breaks in the time series, provide high values of T. For further details, see e.g. Alexandersson and Moberg [1997] . Only seven series proved to be homogeneous: Zaragoza, Badajoz, Madrid, Murcia, Santa Cruz de Tenerife, Palma de Mallorca, and Almería. The other series show evidence of inhomogeneity with at least one significant break (p < 0.05) since the 1960s, except for Izaña, where the only inhomogeneity is detected around 1953. Consequently, for the subsequent analyses we used only the seven homogeneous series, as well as the records from Izaña since the mid-1950s.
Subsequently, since the goal is to be able to estimate AOD from SD data, we fitted daily AOD 440 respect to daily SD for the summer cloudless days at these eight sites. We used here the orthogonal-distance regression method weighted by the measurement uncertainty ratio.
The obtained relationships were then applied to the historical data of SD, and the daily series of estimated AOD 440 were converted into summer values, by averaging all daily values of each summer. In order to detect a general signal in the mean anomalies over Spain that is not affected by local conditions (e.g., differences in absolute mean values), we computed the relative anomalies of estimated AOD for each station with respect to the 1971-2000 period (which is common for all eight series), and then averaged all available anomaly series. This also reduces the bias resulting from the fact that the number of available series varies over time. Results of this part of the study are shown in Section 3.2. Figure 2 shows the scatterplot of SD fraction versus AOD 440 for eight selected cases (which are the sites having homogenous SD series that will be used in the next section to reconstruct AOD). The relationship is clearly linear, so in Table 1 we present the parameters of the linear fit between SD fraction and AOD 440 for each location. The negative slopes mean that an increase in AOD causes a decrease in SD. Taking into account the uncertainties involved, and that cloudless days are selected upon only three TCC observations during each day, the correlations obtained may be considered to be remarkable. More concretely, all 16 sites treated, except Coruña, show significant correlation coefficients at a confidence level higher than 95%. The weighted average (accounting for the number of points of each case) of the correlation coefficient is −0.72. For some sites, e.g. Granada and Santa Cruz de Tenerife, the correlation coefficient is even greater (in absolute terms) than −0.9. The different values of correlation (and of the other parameters of the regression) could be explained partially by the uncertainties in the observations used. In addition, in some cases, the AEMET and AERONET stations are quite distant, e.g. Valladolid (from Palencia) and Huelva (from El Arenosillo); or at different altitudes, e.g. Barcelona and Almeria.
Results and Discussion

Effect of AOD on SD
Intercept values of the linear regression are close to 1 (a weighted mean value of 0.96), which agrees with the fact that for AOD (and TCC) close to 0, the SD fraction must be close to 1 (i.e., SD approaching the length of the daytime). Slope values present some variability (Table   1) , even if all are negative, with a weighted (i.e., depending on the number of points used in the linear regression) mean value of −0.28. This mean value implies a change in SD of around 3% per 0.1 units of AOD. It should be noted that even if we consider the associated uncertainty, all slope values maintain negative values. As expected, closer sites show similar slope values (Izaña and Santa Cruz de Tenerife, in the Canary Isles, and Caceres and Badajoz, both inland locations in the West of Spain). The variability in slope values may be explained with different types of aerosol depending on the region of Spain. Different aerosol types exhibit different optical properties (that is, they have different effects on the scattering and absorption along the spectrum of solar radiation, although they may present the same AOD 440 value) and, consequently, could affect SD measurement in a different manner. We speculate that the different classes of particles found in Spain [Pereira et al., 2011; Sicard et al., 2011; Obregón et al., 2014] , could affect SD in different ways: the high slope values in Table 1 The effect of AOD on SD provided herein by means of empirical observations is also supported by theoretical results. Specifically, we studied the effect of AOD upon SD using the Santa Barbara DISORT Atmospheric Radiative Transfer model (SBDART) [Ricchiazzi et al., 1998 ]: a series of runs was performed with different aerosol conditions, including type (rural, urban, oceanic, and tropospheric aerosol) and AOD (from 0 to 1). The model was run in order to find the value of solar height needed for the direct solar irradiance to reach 120 Wm -2 , depending on aerosol conditions, for a certain unspecific site located at latitude of 40ºN (mean latitude of the Iberian Peninsula). This solar height is then transformed into time by simple astronomical relations, and an SD fraction depending on aerosol conditions is finally established. The range of slope values obtained in the regression between such simulated SD fraction and AOD is compatible with those shown in Table 1 . Low values of the slope were obtained for tropospheric aerosol (-0.13), whereas increasingly higher values were obtained for rural (-0.17), urban (-0.20), and oceanic aerosols (-0.30). The concrete values of slope depend on the range of AOD values used in the linear regression between relative SD and AOD 440 .
Reconstruction of AOD series
The coefficients of the fit between AOD 440 and SD fraction (the latter used as the predictor variable), performed with the orthogonal-distance method, for the eight selected sites, are given in Table 1 . These fits are then used to estimate daily AOD 440 for all summer cloudless days since the beginning of the corresponding SD and TCC series (except for Izaña, where we start after the break detected in 1953). It should be noted that the fits for the other sites could be derived as well, but they would be useless as we are not intending to reconstruct AOD series from inhomogeneous SD data. For the eight selected sites and for the period used to develop the fit, the root mean square deviation (RMSD) between daily estimated and measured AOD 440 is also given in Table 1 . The agreement between estimations and measurement is further confirmed when comparing the averaged summer values (for all sites together, see Figure S1 ), with a RMSD of 0.035.
In Figure 3A we represent the evolution of the mean relative anomalies (with respect to a mean value of 0.26 for the 1971-2000 period) of estimated AOD 440 for summer and for the eight homogenous series, during the period 1961-2014. See Table S1 for the absolute values of the evolution of mean summer estimated AOD 440 . It is worth noting that the smoothed evolution of the AOD is very similar if we use only data from the Canary Isles sites ( Figure   S2A ) or the other sites (Iberian Peninsula and Mallorca, Figure S2B ). This means that the decadal evolution observed does not reflect local anomalies, but is quite representative of the whole region. There is a clear increase in AOD from the mid-1960s to the 1980s, with a maximum during the 1982-1984 period. A decrease in AOD then becomes apparent from the 1980s to the 2010s, which almost results in a recovery of AOD levels to those of the mid-1960s. The linear trend, estimated over the whole 1961-2014 period, is not statistically significant at the 95% confidence level as assessed by means of the Mann-Kendall nonparametric test. If the whole period is subdivided into the 1961-1984 and 1985-2014 subperiods, both linear trends are significant positive (32% per decade) and negative (−22% per decade), respectively. The latter is in agreement with Ruckstuhl et al. [2008] and Chiacchio et al. [2011] , who found AOD decreases of about 60% since the 1980s in Europe.
In order to validate our approach, we compared our AOD 440 estimation for Izaña during the 1955 to 2010 period (as an inhomogeneity can be observed around 1953) with AOD at 500 nm obtained by García et al. [2015] . They estimated the long-term AOD time series at Izaña using Artificial Neural Networks techniques and, as input parameters, in-situ meteorological observations (visibility, SD, TCC, relative humidity and temperature) and day of year. Both methods agree very well, as they present a minimum (~0.1) around 1955, and then an increase in AOD until 1982 (~0.3), followed by a decrease until the present (~0.1). The peaks of 1968 and 1982 are also in concordance. So, our simpler method (which uses only SD and TCC data) provides results similar to those of that more complex technique.
The results shown in Figure 3A are also in agreement with the dimming and brightening phenomenon described elsewhere for the Iberian Peninsula [Sanchez-Lorenzo et al., 2009 , 2013a Román et al., 2014] and Europe , while the continued decrease in AOD, even after the 2000s, is in line with the results shown in Mateos et al. [2014] . In addition, the maximum values of AOD during the summers of 1982-1984 are in concordance with the eruption of the El Chichón volcano (spring 1982) . The eruption of Pinatubo (summer 1991) was bigger than that of El Chichón, but its signal is not clearly visible in Figure 3A ; taking into account that an increase of AOD decreases SD, other studies of SD series in Europe also found a stronger signal of the El Chichón compared with that of the Pinatubo erupted [Sanchez-Lorenzo et al., 2009; Manara et al., 2015] . Further research is needed about other causes associated with the observed trends of AOD, especially in relation to the trends of dust over the region. Indeed, it is intriguing that the maximum in the early 1980s, as well as the decadal variability of AOD since 1960, is in agreement with the drought in the Sahel region [e.g. Held et al., 2006] , which is one of the main source areas of dust [Prospero, 2014] , especially over the Mediterranean region. In addition, when only the Canary Isles sites are considered ( Figure S2A ), the eruptions of El Arenal and Fernandina Island volcanoes (summer 1968) are also visible [García et al., 2014] , whereas they are unappreciable at the Iberian Peninsula stations. Finally, a certain amount of the aerosol evolution could also be explained by the trend of anthropogenic emissions in Western Europe [Stern, 2006; Streets et al., 2009; Nabat et al., 2014; Turnock et al., 2015] .
The evolution of AOD should be noticeable in the surface solar radiation measurements in the region. According to Sanchez-Lorenzo et al. [2013a] , summer global solar radiation on the Iberian Peninsula increased at a rate of 6.5 Wm -2 per decade over the 1985-2010 period, i.e. 17 Wm -2 during the whole period. The decrease in cloud cover in summer during this period was almost negligible and statistically non-significant [Sanchez-Lorenzo et al., 2012] , i.e. cloudiness played an unimportant role in the variation in summer radiation. We have calculated how the temporal variability of AOD found with our method would affect the temporal variability of solar irradiance. To this end, once again we used a radiative model (SBDART) to calculate the daily mean irradiance for a characteristic summer day, with high and low conditions of aerosol content. These are defined as 20% higher and 30% lower than the mean value of the period of reference 1971-2000 (see red line in Figure 3A ). The differences between daily mean irradiances for low and high aerosol levels are around 10-23
Wm -2 (depending on the aerosol type). In conclusion, these results demonstrate the suitability of our estimated AOD evolution and confirm that aerosols may have played an important role in the brightening over Spain, despite the fact that there is still some discussion regarding the relative importance of natural and anthropogenic aerosols on the total aerosol content.
Finally, the reconstruction of AOD for Madrid is presented in Figure 3B . SD and TCC data have been available since the 1920s (specifically, in the Madrid Retiro station, for the 1920-2007 period). It should be noted that Madrid Retiro no longer has SD records in recent times in which AOD measurements are, however, available. Nevertheless, this observatory is close to the Madrid Cuatro Vientos station (Table 1) which presents very similar values of SD (R>0.9). Consequently, we used the expression derived from the latter station (Table 1) to convert the SD fraction in Madrid Retiro into AOD 440 . It is worth noting that the Madrid Retiro SD series has proven to be homogeneous since the 1920s following verification by means of the SNHT test. Figure 3B shows that the AOD has a tendency to a decrease from the 1920s to the mid-20 th century, especially from the mid-1940s to the late 1950s. This trend is in line with the early brightening phenomenon reported in some regions of Europe, detected by means of SD and solar radiation series, especially from around the 1930s to the 1950s [Sanchez-Lorenzo et al., 2009 , 2015 Founda et al., 2014; Matuszko, 2014; Manara et al., 2015] . Although there is no definitive explanation of this aerosol reduction and of the early brightening phenomenon, a possible cause involves the observed decrease in black carbon emissions since the early 20 th century [McConnell et al., 2007] .
Conclusion
We studied the relationship between AOD and daily SD for cloudless days and for some stations in southern Europe with the aim of performing a long-term reconstruction of AOD.
We found a negative correlation with some spatial variability (including cases with correlation coefficients higher than −0.90 on a daily basis). The reconstructed AOD series are compatible with the dimming and brightening phenomenon: the increase in AOD from the mid-1960s to the 1980s is followed by a decrease until the present. A reconstructed AOD series starting in 1920 is also presented for Madrid, where a decrease in AOD from the mid-1940s to 1960 is observed. This is compatible with the early brightening phenomenon observed in other parts of Europe.
As a vast network of instruments exists that enables AOD to be measured, as well as SD and TCC measurements since the late 19 th century, this type of study can be performed in other parts of the world in order to provide more information on changes in aerosol concentration in the atmosphere, especially prior to the 1980s. In addition, as the burn width in CSSR bands has been associated with direct solar irradiance [Horseman et al., 2013; Sanchez-Romero et al., 2015] , in a future study we intend to relate burn width to aerosol load at sub-daily resolution.
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